We have developed a technique for the anisotropic extension of fragile molecular crystals. The pressure medium and the instrument, which extends the pressure medium, are both made from epoxy resin. Since the thermal contraction of our instrument is identical to that of the pressure medium, the strain applied to the pressure medium has no temperature dependence down to 2 K. Therefore, the degree of extension applied to the single crystal at low temperatures is uniquely determined from the degree of extension in the pressure medium and thermal contractions of the epoxy resin and the single crystal at ambient pressure. Using this novel instrument, we have measured the temperature dependence of the electrical resistance of metallic, superconducting, and insulating materials. The experimental results are discussed from the viewpoint of the extension ͑compression͒ of the lattice constants along the parallel ͑perpendicular͒ direction.
I. INTRODUCTION
The physical properties of organic functional materials are sensitive to weak stresses because organic molecules are condensed by weak interactions, for example, by van der Waals's forces, hydrogen bonds, etc. Among the various types of organic functional materials, molecular crystals are regarded as good model compounds since their physical properties can be studied from a structural point of view. 1 Therefore, the remarkable changes in their transport, magnetic, and optical properties under a hydrostatic pressure are interpreted from the standpoint of increases in the intermolecular interactions. [2] [3] [4] As for anisotropic organic solids, the intermolecular interactions are expected to be enhanced by using anisotropic compression. The first investigation of the electrical resistance under anisotropic compression was reported in Ref. 5 . Subsequently, the methodology for reducing the Poisson effect was developed. 6 For more than a decade, superconductor transitions under anisotropic contraction have been reported. [7] [8] [9] On the other hand, there are few studies that have investigated the physical properties of organic molecular crystals under negative pressure. Contrary to that under anisotropic contraction, the overlap integral is expected to be reduced by applying a negative pressure along the conducting direction. Therefore, a negative pressure enables us to explore the phase transition, particularly for metallic compounds that do not exhibit a phase transition under pressure or anisotropic contraction. We have planned to observe the transport, optical, and magnetic properties of organic crystalline materials under anisotropic extension. As a first step, we have developed a technique for the measurement of the resistance of organic crystals under anisotropic extension.
To our best knowledge, there is no study on the temperature dependence of the electrical resistivity under extension except for the trial study by Ishiguro et al. 10 As described in
Ref. 10 , a single crystal was placed over the ditch in a heat sink, and both ends of the crystal were fixed to the heat sink with an adhesive. Anisotropic extension is thought to be applied to the single crystal with decreasing temperature because the thermal contraction of the heat sink is smaller than that of the sample. However, the strain applied to the single crystal cannot be arbitrary controlled since the strain is uniquely determined from the difference between the thermal contractions of the single crystal and the heat sink. In order to control and monitor the degree of extension, we have developed an instrument for applying anisotropic extension. In brief, a single crystal is covered with an epoxy resin as a pressure medium, and the epoxy resin is extended by using the instrument, which is comparable to the clump-type pressure cell used for compression experiments. The remainder of this article is organized as follows. In Sec. II, we provide the details of our instrument, the method of inducing anisotropic extension, and the experimental procedures for resistance measurement. The fundamental data for the calibration are shown in Sec. III. In Sec. III A, the degree of extension at room temperature and the Poisson effect are examined by using a tensile a͒ Author to whom correspondence should be addressed; electronic mail: yamataka@riken.jp testing machine. The degree of contraction during the polymerization of the epoxy resin is also examined. In Sec. III B, we show that the degree of extension is temperature dependent owing to the thermal contraction of our instrument. Based on the fundamental data obtained, we present a method to calibrate the degree of extension at low temperatures. In Secs. IV A and IV B, the temperature dependences of the electrical resistance of ␤ Ј -͑ET͒ 2 Br ͑diiodoacetylene͒ and ␤Љ-͑ET͒ 4 ͓H 3 OGa͑C 2 O 4 ͒ 3 ͔PhNO 2 ͓ET= bis͑ethylenedithio͒tetrathiafulvalene and PhNO 2 = nitrobenzene͔ are examined. The former is a metallic compound, and the latter is an organic superconductor. 11, 12 The experimental results are discussed from the viewpoint of anisotropic extension. In Sec. IV C, we examine the temperature dependence of the electrical resistance of fully deuterated ͑d 8 -Me 2 -DCNQI͒ 2 Cu salt ͓Me 2 -DCNQI =2,5-dimethyl-dicyanoquinonediimine͔, whose lattice parameter exhibits a discontinuous contraction at the metalinsulator transition temperature under ambient pressure. 13 The suppression of the metal-insulator transition is discussed from a structural point of view.
II. INSTRUMENT AND EXPERIMENT
When organic crystals are directly adhered to the metallic cold-head, the crystal is often broken at low temperature. This phenomenon is due to stress concentration and the large difference between the thermal contractions of the organic crystal and the metallic cold-head. Since organic crystals are fragile, special care should be taken when handling them. As described in Refs. 5 and 6, anisotropic contraction is indirectly applied to a single crystal by using epoxy resin as a pressure medium. This method is advantageous in lowtemperature experiments since the thermal contraction of the molecular conductors is close to that of epoxy resin rather than those of metals. The other advantage is that the single crystal in the epoxy resin is free from stress concentration since the single crystal is surrounded by the pressure medium. Therefore, we have used epoxy resin ͑Stycast 1266 or 2850FT͒ as a pressure medium.
A strain gauge and a single crystal with electrodes were installed into a Teflon-lined mold. After removing the dissolved air in the epoxy resin, the resin was poured into the mold, which was left for more than one day. The stiffened epoxy resin was then removed from the mold. As shown in the top panel of Fig. 1͑a͒ , the qualified epoxy resin has a dumbbell-like shape. Hereafter, we call the qualified resin as the "sample bar." The size of the sample bar was normalized; length: 60 mm and radius: 3.0 mm.
The bottom panel in Fig. 1͑a͒ shows the set of instruments used to extend the sample bar. This set of instruments ͑hereafter, referred to as the "extension jig"͒ consists of a pair of U-shaped washers, a nut, and a couple of hollow screws. The nut and screws are made from Stycast 1266 and the washer from acrylic resin. Figure 1͑b͒ shows the sample bar installed in the extension jig. The procedures for applying extension are described as follows. At first, hollow screws are tightened manually. The sample bar is then inserted into a nut with a couple of hollow screws. Next, the U-shaped washers are set between the hollow screws and the inner faces of the sample bar. The external diameter of the U-shaped washer is larger than the diameters of both ends of the sample bar, and the width of the notching in the U-shaped washer is a little larger than the diameter of the sample bar. Therefore, the sample bar cannot be released from the extension jig even when extension is not applied to the sample bar. After loosing the hollow screws manually, the sample bar is loosely fixed to the extension jig and a weak strain is applied to the sample bar. This weak strain can be monitored from the increase in the electrical resistance of the strain gauge set along the long axis of the sample bar. Whenever we turn the screws, the electrical resistance of the strain gauge exhibits an increase, which corresponds to an increase in the degree of extension. The electrical resistance of the single crystal is also altered when turning the screws. An excess strain is induced by using spanners. After operation of the hollow screws, the electrical resistance of the strain gauge slightly decreases but saturates within 30 min. The degree of extension at room temperature is determined from the saturated resistance of the strain gauge. The time dependence of the electrical resistance of the single crystal exhibits the same behavior as that of the strain gauge. After the resistances of the strain gauge and single crystal are saturated, the entire setup can be installed into a cryostat. In order to cool the sample bar effectively, both ends of the extension jig are covered with brass caps and two small holes are opened in the body of the nut in the extension jig. Finally, the setup thus constructed is installed into a physical property measurement system ͑PPMS͒ manufactured by Quantum Design using which temperature dependences of the electrical resistances of the strain gauge and the single crystal are automatically measured. Because the single crystal follows the thermal contraction of the epoxy resin, calibration of the degree of expansion at low temperatures is required. Since the extension jig is made from the same material as that of the pressure medium, the strain applied to the pressure medium is expected to be constant over the entire temperature range. In order to confirm our conjecture, we examined the temperature dependence of the electrical resistance of the strain gauge along with the single crystal, which is described in Sec. III B. Throughout above experiments, no remarkable temperature dependence of the strain applied to the pressure medium was observed. Therefore, the strain of the single crystal in low temperature is determined from the difference between the thermal contractions of the epoxy resin and the single crystal and the degree of extension given at room temperature. The detailed procedure for the calibration of the strain at low temperatures is also described in Sec. III B.
We also attempted the experiment using an extension jig made from brass or cast iron. However, the sample bar made from Stycast 1266 was often split into two before the temperature reached the liquid-helium temperature. This phenomenon is attributed to the large difference between the thermal contraction of Stycast 1266 and the metallic jig. As for the anisotropic contraction using the clamp cell, the degree of the strain is decreased with decreasing temperature. This phenomenon is also attributed to the difference between the thermal contractions of the pressure medium and clamp cell. However, it is possible to measure the electrical resistance down to the liquid-helium temperature because the epoxy resin is not ruptured. On the contrary, the difference in the thermal contractions leads to a serious problem for the extension experiment. Therefore, the materials of the instrument for the extension should be carefully chosen. The best method is to fabricate the extension jig from the same material as that of the pressure medium. Under these conditions, the thermal contraction of the extension jig is exactly the same as that of the pressure medium. The next best method is to use a material whose degree of thermal contraction is close to that of the pressure medium. The thermal contraction of Stycast 2850FT is close to that of brass. Indeed, the sample bar, which is made from Stycast 2850FT and installed into the brass jig, is not ruptured down to 2 K as far as only a weak strain is applied to the sample bar. Therefore, we used the following combinations for the low-temperature measurements: ͑1͒ sample bar and extension jig made from Stycast 1266, and ͑2͒ sample bar made from Stycast 2850FT and the extension jig from brass. However, we have largely employed specification ͑1͒. By using the setup described above, the temperature dependences of the electrical resistance of ␤Љ-͑ET͒ 2 Br͑diiodoacetylene͒, ␤Љ-͑ET͒ 4 ͓H 3 OGa͑C 2 O 4 ͒ 3 ͔PhNO 2 , and ͑d 8 -Me 2 -DCNQI͒ 2 Cu salts were measured. Now, we describe some details for the present experiment: The electric resistance was measured by the standard four-probe method. The electric contact between the electrode and the single crystal was made using graphite paste. Instead of gold wire, the electrode employed was copper wire with a diameter of 30-50 m because gold wire is often distorted or disconnected under extension. Most organic conductors exhibit chemical reactions with Stycast 1266; in order to avoid this, the single crystal with the electrodes was coated with a small amount of Stycast 2850FT. We used two kinds of strain gauges, FLG-120 and CFLG-350, manufactured at Tokyo Sokki Co. Ltd., whose electrical resistances at room temperature and ambient pressure are ϳ120 and ϳ350 ⍀, respectively. The electrical resistances of both gauges exhibit an increase ͑decrease͒ with extension ͑contraction͒. According to the specifications provided by Tokyo Sokki Co. Ltd., the upper limits for FLG-120 and CFLG-350 are 3% and 1%, respectively. The areas of contact between the sample bar, U-shaped washer, and hollow screws were coated with Teflon or grease in order to protect the sample bar from shear stress.
III. RESULTS AND DISCUSSION

A. Degree of strain at room temperature
Prior to measuring the electrical resistance of the molecular conductors, we examined the properties of the sample bar and the extension jig made from Stycast 1266. At first, we examined the relation among the strain, stress, and the resistance of the strain gauge in the sample bar using the tensile testing machine. The sample bar with a strain gauge was installed into a tensile testing machine manufactured by IMADA Seisakujo Ltd. Then, the electrical resistance of the strain gauge was monitored along with the stress-strain curve. Figure 2 shows the relationship among the stress, strain, and the resistance of the strain gauge set parallel to the sample bar. The upper limits of the strain gauge in our experiment are 3% and 1.5% for FLG-120 and CFLG-350, respectively. The relations obtained from FLG-120 are almost identical to that from CFLG-350. This consistency ensures the reproducibility of the degree of strain in the sample bar. From both relationships, Young's modulus was estimated to be ϳ1.6 GPa, which is in agreement with the previous report.
14 The resistance was almost proportional to the strain, ⌬L / L 0 = g⌬R / R 0 , where L͑R͒ is the strain ͑the resistance͒ and the subscript "0" denotes the ambient conditions. The coefficient g was deduced to be ϳ + 1, which is in agreement with the coefficient specified by Tokyo Sokki Co. Ltd. Therefore, we can estimate the strain ͑or stress͒ of the sample bar using the resistance of the strain gauge up to the upper limit. The stress at the upper limit is quite small as compared with that of the anisotropic contraction. However, the small upper limit is by no means due to rapture of the sample bar but to the upper limit of the strain gauges. A large strain could be monitored using another strain gauge. However, a weak strain is enough for the present study because a remarkable change in the electrical resistance is induced by weak strain, which is described in the next sections. Hereafter, we use the strain ͑or stress͒ estimated from the resistance of FLG-120 or CFLG-350. As shown in Fig. 3 , the resistance along the perpendicular direction exhibits a decrease due to the Poisson effect. By comparing the resistance along the parallel direction with that along the perpendicular direction, Poisson's ratio of the sample bar is estimated to be ϳ0.43. Then, the contraction along the perpendicular direction is estimated from the resistance along the parallel direction by using the relation ⌬L / L 0 = −0.43⌬R / R 0 .
Next, we examine the isotropic pressure due to the polymerization of the epoxy resin. The pressure during the polymerization process can be monitored by using the resistance of the strain gauge. Figure 4 shows the time dependence of the resistance of the strain gauges and a molecular conductor, ͑d 8 -Me 2 -DCNQI͒ 2 Cu. The resistance of the strain gauge is decreased soon after the epoxy resin is poured into the Teflon mold ͑t ϳ 0͒. Subsequently, the resistance holds up to t ϳ 5 h and exhibits a slow decrease during the following ϳ3 h ͑from t ϳ 5 to 8 h͒. The resistance then saturates above t ϳ 10 h. The degree of contraction due to the polymerization is estimated to be ϳ−0.14%. This value is negligibly smaller than the thermal contraction of the epoxy resin and much smaller than that of molecular conductors such as ͑d 8 -Me 2 -DCNQI͒ 2 Cu and ␤Љ-͑ET͒ 4 ͓H 3 OGa͑C 2 O 4 ͒ 3 ͔PhNO 2 , which is described in the following sections. As shown in Fig. 4 , the time dependence of the electrical resistance of ͑d 8 -Me 2 -DCNQI͒ 2 Cu is almost identical to that of the strain gauge. Therefore, the decrease in the resistance of ͑d 8 -Me 2 -DCNQI͒ 2 Cu is attributed to the increase in the bandwidth due to the contraction of the intermolecular distance. The decrease in the electrical resistance of ͑d 8 -Me 2 -DCNQI͒ 2 Cu during the polymerization is estimated to be 4%. In analogy to the resistance of the strain gauge, the decrease in the resistance of ͑d 8 -Me 2 -DCNQI͒ 2 Cu is negligibly small as compared with the logarithmic increase in the electrical resistance under extension, which is examined in Sec. IV C. As described in Sec. II, the single crystal is coated with Stycast 2850FT in order to protect the single crystal from the chemical reaction. We monitored the time dependence of the resistance of the strain gauge and ͑d 8 -Me 2 -DCNQI͒ 2 Cu after the coating process; however, no remarkable change in the resistance was observed during the polymerization. This result implies that there is no chemical reaction between the single crystal and Stycast 2850FT and the stress due to the coating process is negligibly small. Hereafter, we omit the coating process for the strain gauge, whereas the single crystal is coated with Stycast 2850FT.
B. Degree of strain at low temperatures
Since the single crystal is surrounded by the epoxy resin, the thermal contraction of the single crystal depends on that of the epoxy resin, while the thermal contraction of Stycast 1266 has been reported in the previous studies. 15 Let us examine whether the thermal contraction of the sample bar under anisotropic extension is identical to that free from the extension jig. Figure 5 shows the temperature dependence of the resistance of the strain gauge in the sample bar. For each gauge, the resistance under extension has the same temperature dependence as that free from the extension jig, ⌬L / L 0 = 0. These observations indicate that the thermal contraction of the sample bar under extension is identical to that at ⌬L / L 0 = 0. Therefore, the degree of the strain for the sample bar at low temperatures is determined from the thermal contraction of Stycast 1266 and ⌬L / L 0 at 300 K. 15 We have also observed the resistance of FLG-120 in the sample bar made from Stycast 2850FT. The sample bar is installed into the extension jig made from brass. The temperature dependence at ⌬L / L 0 = 0.3% is almost identical to that at ⌬L / L 0 =0. No remarkable difference between the temperature dependences at ⌬L / L 0 = 0.3% and ⌬L / L 0 = 0 are observed, which is ascribed to the almost identical thermal contractions of Stycast 2850FT and brass. Therefore, the degree of strain in the sample bar made from Stycast 2850FT is estimated from the thermal contraction of Stycast 2850FT and ⌬L / L 0 at 300 K. 16 However, the sample bar from Stycast 2850FT is more fragile as compared with that from Stycast 1266. Therefore, this method is limited to weak extension.
Let us estimate the degree of the strain in the sample bar made from Stycast 1266 at low temperatures. In this article, we define the strain as a positive value for extension and negative for contraction. The degrees of the strains in the sample bar along the parallel and perpendicular directions are estimated to be
respectively, where e͑T͒ is the thermal contraction of the epoxy resin from 300 to T K; for example, e͑100 K͒ϳ −1% and e͑4.2 K͒ϳ−1.2%. 15 The value of the first term for both directions, −0.14, is the contraction during the polymerization of Stycast 1266. The thermal contraction and the contraction during the polymerization are isotropic. Since the contraction during the polymerization is small as compared with e͑T͒, the value of −0.14 can be neglected except for the temperature region around room temperature. The degree of strain applied to the single crystal in the sample bar, C͑T͒, is deduced to be
Here, ␣ ʈ ͑T͒ and ␣ P ͑T͒ denote the thermal contraction of the single crystal at ambient pressure. These values are negative for the presented compounds. The former corresponds to that parallel to the sample bar, and the latter to that normal to the sample bar. We use the subscript P instead of Ќ since the crystal structure of the cross section does not necessarily exhibit an isotropic response. Let us examine the degree of strain by assuming ␣ ʈ ͑T͒ ͓␣ P ͑T͔͒ is negative and smaller than S ʈ ͓S Ќ ͔: 
083906-
the single crystal is extended with decreasing temperatures owing to the difference between the thermal contractions of the single crystal and the sample bar. When the sample bar is extended by the extension jig, the single crystal exhibits a contraction along the perpendicular direction depending upon the degree of extension ⌬L / L 0 . On the other hand, the sample bar is always extended along the parallel direction over the entire temperature range. In the present study, we use materials whose ␣ ʈ ͑T͒ are smaller than S ʈ ͑T͒; thus, anisotropic extension is ensured in the following experiments.
IV. ELECTRICAL RESISTANCES OF SOME MOLECULAR CONDUCTORS
In this section, we describe the temperature dependence of the electrical resistance of some molecular conductors under anisotropic extension. As a first trial, we did not choose a quasi-one-dimensional conductor. Roughly speaking, two kinds of intermolecular interactions participate in the conducting properties, intersite Coulomb integral, and transfer integral. The enhancement ͑reduction͒ of the former contributes to insulating ͑metallic͒ behavior, and the enhancement ͑reduction͒ of the latter to metallic ͑insulating͒ behavior. In the quasi-one-dimensional conductors, the largest transfer integral runs along the same direction as that of the largest intersite Coulomb integral. Therefore, the enhancement of insulating behavior under extension is not sufficient for elucidating which interaction mostly contributes to the experimental result. On the other hand, the ␤Љ-type ET salt is the two-dimensional molecular conductors, where the direction of the largest transfer integral is perpendicular to that of the largest intersite Coulomb integral. In Secs. IV A and IV B, we describe the resistance of two ␤Љ-type ET salts, ␤Љ-͑ET͒ 2 Br͑diiodoacetylene͒ and ␤Љ-͑ET͒ 4 ͓H 3 OGa͑C 2 O 4 ͒ 3 ͔ PhNO 2 , respectively; the temperature dependence of the electrical resistivity of the former compound exhibits the metallic behavior down to the liquid-helium temperature. 11 The temperature dependence of the latter compound exhibits an insulator-superconductor transition. 12 In both compounds, the temperature dependences have no discontinuities suggesting a structural transition. 11, 12 Indeed, the crystal structure of ␤Љ-͑ET͒ 4 ͓H 3 OGa͑C 2 O 4 ͒ 3 ͔PhNO 2 at 100 K is identical to that at room temperature. 12 The temperature dependence of electrical resistance of ͑d 8 -Me 2 -DCNQI͒ 2 Cu is examined in the last subsection. Under ambient pressure, the lattice parameter exhibits a discontinuous change at the temperature of the metal-insulator transition. 13 At the beginning of each subsection, we describe the crystal structure and the properties of the electrical resistance at ambient pressure because these data are required for the interpretation of the experimental results.
A. ␤Љ-"ET… 2 Br"diiodoacetylene…
Under ambient pressure, the temperature dependence of the electrical resistivity exhibits the metallic behavior over the entire temperature range below 300 K.
11 From x-ray structural analysis, the ET molecules are found to form two-dimensional layers; this is classified as the ␤Љ structure.
11 Figure 6 shows the organic layer of ␤Љ-͑ET͒ 2
Br͑diiodoacetylene͒. In the most ␤Љ-type ET salts, the overlap integral along the stacking direction ͑S direction͒ is small, whereas the overlap integral perpendicular to the stacking direction ͑P direction͒ has the largest value among those of the other directions in the organic layer. 17 The intermolecular distances of the present salt are almost uniform. When the intermolecular distances along the S direction are short, the intersite Coulomb interaction cannot be neglected as it can contribute to the nonmetallic behavior due to the charge-ordered state. The charge-ordered state is actually observed for ␤Љ-͑ET͒͑TCNQ͒ at ambient pressure. 18 On the other hand, the intermolecular distance of ␤Љ-͑ET͒ 2 Br͑diiodoacetylene͒, ϳ4.3 Å, is larger than that of ␤Љ-͑ET͒͑TCNQ͒, ϳ4.1 Å. 11, 19 This large intermolecular distance indicates that the intersite Coulomb interaction at ambient pressure does not play an important role for the molecular charge. Indeed, the molecular charge of the present salt takes an almost uniform value from 300 K down to the liquid-helium temperature. 20 Therefore, ␤Љ-͑ET͒ 2 Br͑diiodoacetylene͒ is characterized as a metallic compound where the intersite Coulomb interaction at ambient pressure does not play an important role.
We can expect that the anisotropic extension along the P direction reduces the overlap integral along the P direction and enhances the intersite Coulomb interaction along the S direction. The enhancement of the intersite Coulomb interaction is ascribed to the Poison effect. Figure 7 shows the temperature dependence of the resistance of ␤Љ-͑ET͒ 2 Br͑diiodoacetylene͒ under anisotropic extension along the P direction. The strain for each curve is expressed by ⌬L / L 0 . Although there are no available data of the lattice parameters at low temperatures, the temperature dependence can be interpreted from the standpoint of the anisotropic extension. The temperature dependence at ⌬L / L 0 = 0 exhibits an insulating behavior from 300 to 230 K, which is significantly different from the metallic behavior at ambient pressure. This observation indicates that the thermal contraction of the single crystal at ambient pressure, ␣ ʈ ͑T͒ ͑Ͻ0͒, is smaller than S ʈ ͑T͒. In other words, the single crystal in the sample bar is extended with decreasing temperature even at 
083906-6
Yamamoto et al.
⌬L / L 0 = 0. This conjecture is supported by the resistivity for finite ⌬L / L 0 . With increasing ⌬L / L 0 , the temperature dependence also exhibits a maximum. The temperature of the maximum shows a decrease with increasing ⌬L / L 0 . Such a continuous ⌬L / L 0 dependence is consistent with the decrease in the overlap integral along the P direction and the increase in the intersite Coulomb interaction along the S direction. Therefore, we can conclude that the single crystal in the sample bar is extended not only for finite ⌬L / L 0 but also for ⌬L / L 0 = 0. Below the temperature of the maximum, resistance curve exhibits a metallic behavior. The resistance in the metallic phase also depends on the degree of extension, which ensures that the anisotropic extension is applied to the single crystal down to 2 K.
B. ␤Љ-"ET…
This compound is a superconductor at ambient pressure. 12 The electrical resistivity exhibits an insulating behavior just above the superconductor transition temperature. 12 As shown in Fig. 8 , the organic layer of the present salt belongs to the ␤Љ structure. 12 The ET molecules form a nonregular stacking, which is different from the almost uniform stacking of ␤Љ-͑ET͒ 2 Br͑diiodoacetylene͒. According to the temperature dependence of the Raman spectra, inhomogeneous site charges are observed just above the insulator-superconductor transition temperature. 21 Therefore, the present compound is near the phase boundary among the charge-ordered ͑insulator͒ phase, superconductor phase, and metallic phase. 22 The unit cell consists of two organic layers, which are related to the glide plane. 12 The adjacent organic layers contain different P directions, as shown in Fig. 8 . We applied anisotropic extension along the crystallographic b direction. The extension along the P directions and the compression along the S directions are expected to be induced by the extension along the b axis.
As described in Ref. 21 , the insulator-superconductor transition temperature is sample dependent. Prior to the measurement of the resistance under extension, we measured the electrical resistance of several crystals in one batch. The transition temperatures of the available batch were 4.5-5 K. The single crystal whose transition temperature at ambient pressure is ϳ5 K was used for the experiment. The cooling and heating rates below 10 K at ⌬L / L 0 = 2.3% were both 0.2 K / min, and those at other strains and at ambient pressure were 0.5 K / min. By comparison of the lattice parameters at 100 K with that at room temperature, the thermal contractions in the b and a directions, ␣ ʈ ͑100 K͒ and ␣ P ͑100 K͒, are estimated to be −1.4% and −0.74%, respectively. 12 Applying Eqs. ͑1͒-͑4͒, the degrees of strains in the single crystal at 100 K, C ʈ ͑100 K͒ and C P ͑100 K͒, can be estimated. As for the b direction, the degree of strain in the single crystal is estimated to be C ʈ ͑100 K͒ ϳ−1.0+ ⌬L / L 0 -͑−1.4͒ = 0.4 + ⌬L / L 0 ͑%͒. Since this value is positive, the extension is applied to the single crystal. On the contrary, the degree of strain along the a direction, C P ͑100 K͒ ϳ−1.0-͑0.43͒⌬L / L 0 -͑−0.7 4 ͒ = −0.3-͑0.43͒⌬L / L 0 ͑%͒, has a negative value. The negative value corresponds to contraction over the entire temperature range below 300 K. We can expect that the extension along the b direction reduces the overlap integral along the P direction. The intersite Coulomb interaction along the S direction is expected to be enhanced owing to the contraction along the a direction.
Let us compare our prediction with the experimental result. Figure 9 shows the temperature dependence under anisotropic extension. With increasing extension, the resistance above ϳ200 K monotonically increases. This observation is in agreement with the decrease in the overlap integral along the P direction and the increase in the intersite Coulomb interaction along the S directions. Although a weak metallic behavior is observed under large strains above ϳ150 K, each curve exhibits an insulating behavior below ϳ100 K. The robustness of the insulating behavior indicates that the inhomogeneous site charges are enhanced owing to the decrease in the overlap integral along the P direction and the increase in the intersite Coulomb interaction along the S direction. The inset of Fig. 9͑a͒ shows the temperature dependence of the electrical resistance normalized with the resistance at 300 K. Interestingly, the decrease in the resistance around the liquid-helium temperature remains. To elucidate this drop in the resistance, we measured the electrical resistance under a magnetic field. Figure 9͑b͒ shows temperature dependence of the resistance at ⌬L / L 0 ϳ 2.3% under a magnetic field. The discontinuous decrease at 6 K shifts to the lower temperatures with an increase in the magnetic field and the resistance at 3 T exhibits an almost insulating behavior. Therefore, the drop in resistance under anisotropic extension is an insulator-superconductor transition. The transition temperature for large strains, ⌬L / L 0 = 2.3% and 3.3%, are ϳ6 K, which is higher than the transition temperature at ambient pressure, ϳ5 K.
Bangura et al. and Coldea et al. studied the magnetoresistance for the present compound and the reference compounds, whose unit cell volumes are smaller than that of the present salt. 21, 22 They proposed a phase diagram mapped with the transition temperature and the unit cell volume ͑chemical pressure͒. 21, 22 With increasing unit cell volumes, the superconducting phase appears and the insulating behavior is robust. 21, 22 On the contrary, the superconductor transition is not observed for small volumes and the temperature dependence exhibits the metallic behavior. 21, 22 Since the anisotropic extension along the b direction reduces the overlap integral along the P direction and enhances the intersite Coulomb interaction along the stacking direction, the extension along the b direction favors the inhomogeneous site-charge distribution rather than the metallic state, which is characterized as a homogeneous site-charge distribution. Therefore, the increase in the transition temperature and the robustness of the nonmetallic behavior under extension is in agreement with the phase diagram proposed by Coldea and co-workers. 21, 22 In this section, we have shown that the superconductor transition temperature is increased under anisotropic extension and that the electrical resistance under a magnetic field can be measured with our instrument.
C. "d 8 -Me 2 -DCNQI… 2 Cu
We have applied anisotropic extension to ͑d 8 -Me 2 -DCNQI͒ 2 Cu; the direction of the extension is shown in Fig. 10 . The extension is applied to the long axis of the single crystal, which corresponds to the stacking axis of the organic molecules. Figures 11 and 12 show the temperature dependence of the electrical resistance under the anisotropic extension obtained from the sample bar and the extension jig of Stycast 1266. The temperature dependence at ambient pressure is also shown in Fig. 11 . The cooling and heating processes are shown in Figs. 11͑a͒ and 11͑b͒ , respectively. The cooling and heating process for ⌬L / L 0 ϳ 0.06% are shown in Fig. 12 .
At first, we examine the electrical resistance above the phase transition temperature. A stepwise temperature dependence is observed in the first run ͑⌬L / L 0 =0͒ during the cooling process, although the resistance of the strain gauge at ⌬L / L 0 = 0 has a continuous temperature dependence ͓see Figs. 5͑a͒ and 5͑b͔͒. This observation indicates that inhomogeneous strain is applied to the single crystal. On the other hand, no stepwise dependence is observed either during the heating process at ⌬L / L 0 = 0 or during the cooling and heating processes at finite ⌬L / L 0 . When extension is not applied to the sample bar ͑⌬L / L 0 =0͒, the electrical resistance from 300 to 270 K is smaller than that at ambient pressure. This phenomenon is due to the weak contraction of the epoxy resin during the polymerization. As described in Sec. III A, the degree of contraction during the polymerization is estimated to be −0.14%, which is comparable to the thermal contraction of Stycast 1266 from 300 to 270 K. Therefore, the temperature dependence at ⌬L / L 0 = 0 and that at ambient pressure cross ϳ270 K. Below 270 K, with decreasing temperatures, the temperature dependence at ⌬L / L 0 = 0 deviates from that at ambient pressure. This phenomenon confirms that the contraction due to the polymerization is negligibly small as compared with the extension due to the difference between the thermal contractions of the epoxy resin and the single crystal.
The electrical resistance at ⌬L / L 0 = 0 increases with decreasing temperatures. Such nonmetallic behavior is significantly different from the metallic behavior at ambient pressure. Since the resistance in the high-temperature phase ͑above ϳ100 K͒ continuously increases depending upon the degree of extension, we conclude that the nonmetallic behavior at ⌬L / L 0 = 0 can be ascribed to the decrease in the overlap integral. This conjecture is supported by the difference between the thermal contractions of the epoxy resin and the single crystal, S ʈ ͑T͒ and ␣ ʈ ͑T͒. The cell parameter along the stacking direction ͑c axis͒ exhibits almost liner contraction above the transition temperature. 23 The thermal contraction from 300 to 100 K is estimated to be ␣ ʈ ͑100 K͒ = −1.3%. 13 This value is smaller than that of the epoxy resin, S ʈ ͑100 K͒ = −1%. 15 The degree of extension in the single crystal at ⌬L / L 0 = 0 is estimated to be C ʈ ͑100 K͒ = 0.3%. The positive value of C ʈ leads to extension along the stacking direction. Even though the contraction during the polymerization is taken into account, the degree of extension remains positive, C ʈ ͑100 K͒ = 0.16%. Therefore, the nonmetallic behavior at ⌬L / L 0 = 0 is attributed to the decrease in the overlap integral. The temperature dependence for finite values of ⌬L / L 0 also exhibits the insulating behavior above ϳ100 K. This behavior is also ascribed to the decrease in the overlap integral along the stacking direction.
Before discussing the electrical resistance at low temperatures, we briefly describe the structural change at the metal-insulator transition temperature. The temperature dependence at ambient pressure exhibits a sharp metalinsulator transition at 75 K. 13 As shown in Fig. 10 , the coordination geometry, defined from the Cu cation and four CN ligands, exhibits a distortion at the transition temperature. The degree of distortion is characterized as the coordination angle, . The insulator phase ͑metallic phase͒ takes a large ͑small͒ coordination angle. 13, 23, 24 When the coordination angle is increased at the transition temperature, the c axis also exhibits a discontinuous contraction. 13 The degree of contraction is estimated to be −0.5%. 23 The lattice parameter perpendicular to the stacking direction ͑a axis͒ is increased in the low-temperature phase, but the degree of expansion is negligibly small, 0.1%. 23 The distortion of the coordination geometry raises the d xy level at the Cu ion, which produces the periodical pattern Cu 2+ Cu + Cu + . 13 The threefold pattern is also formed in the organic chain, which contributes to the localization of charges. 13 On the other hand, the metallic behavior of the natural abundant ͑h 8 -Me 2 -DCNQI͒ 2 Cu is attributed to the absence of distortion in the coordination geometry. We can expect that the extension along the stacking direction of ͑d 8 -Me 2 -DCNQI͒ 2 Cu induces the highly conducting state since the increase in the coordination angle is inhibited by the extension.
As shown in Fig. 11 , the temperature dependence at ⌬L / L 0 = 0 exhibits a sharp metal-insulator transition. The sharp increase in the temperature dependence suggests that the coordination angle is discontinuously increased at the transition temperature. The robustness of the structural transition is due to the fact that the sample bar is free from the extension jig. Nevertheless, the transition temperature during the cooling process is 70 K, which is lower than that at am- 
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Extension of organic crystals Rev. Sci. Instrum. 78, 083906 ͑2007͒ bient pressure during the cooling process, ϳ75 K. As described in the previous paragraphs, the single crystal in the sample bar at ⌬L / L 0 = 0 is extended with decreasing temperature. The degree of extension just above the transition temperature is estimated to be C ʈ = 0.3%. Then, we can surmise that the decrease in the transition temperature is attributed to the negative pressure. This conjecture is examined from the transition temperature obtained from the sample bar made from Stycast 2850FT; Fig. 13 shows the experimental results. The transition temperature during the cooling process at ⌬L / L 0 = 0 is 60 K, which is lower than that with Stycast 1266, 70 K. The degree of thermal contraction of Stycast 2850FT is estimated to be S ʈ = S Ќ ϳ −0.4% from 300 K to just above the transition temperature. 16 The thermal contraction of Stycast 2850FT is smaller than that of Stycast 1266, ϳ−1%. Then, the degree of extension in the single crystal with Stycast 2850 FT is estimated to be C ʈ = S ʈ − ␣ ʈ ϳ 0.9%, which is significantly larger than that with Stycast 1266, C ʈ ϳ 0.3%. The increase in the degree of extension is consistent with the decrease in the transition temperature. Therefore, the decrease in the transition temperature at ⌬L / L 0 = 0 is attributed to the difference between the thermal contractions of the single crystal and the epoxy resin. In other words, one of the simplest methods to obtain the electrical resistance under extension is by covering the single crystals with several kinds of epoxy resins whose thermal contractions are different from one another. However, this method is not necessarily advantageous in suppressing the structural transition since the single crystal is more or less free from external stress. In order to suppress the structural change, the extension jig must be used.
When the sample bar is loosely fixed to the extension jig, the temperature dependence shows the metal-insulatormetal transition ͑Figs. 12 and 13͒. The degrees of the extensions, ⌬L / L 0 , obtained from the strain gauge are estimated to be 0.06% and 0.1% for the sample bars made from Stycast 1266 and 2850FT, respectively. These values are significantly small as compared with the degree of the extension due to the difference between the thermal contractions of the single crystal and the epoxy resin: 0.3% and 0.9% for Stycast 1266 and 2850FT, respectively. Such reentrant transition is also observed in the temperature dependence of partially deuterated compounds, whose coordination angles show an increase ͑a decrease͒ below the metal-insulator ͑insulator-metal͒ transition temperature. 13, 24 The observation of the sharp increase ͑decrease͒ in the temperature dependence for small ⌬L / L 0 suggests a discontinuous change in the coordination angle. This result indicates that a structural transition cannot be fully suppressed unless the sample bar is tightened to the extension jig. Nevertheless, we confirm that the anisotropic extension is more or less induced by the weak extension because the reentrant transition requires a decrease in the coordination angle.
In the last of this section, we examine the resistance above ⌬L / L 0 = 0.3%. As shown in Figs. 11 and 13 , there is no sharp metal-insulator or insulator-metal transition in the temperature dependences for both sample bars. The absence of a sharp increase or decrease in the electrical resistance indicates that the structural transition is suppressed by the extension jig. The temperature dependences exhibit a maximum at ϳ50 K, below which the temperature dependence shows a metallic behavior. The observation of the metallic behavior at low temperatures is also attributed to the smaller coordination angle induced by the extension jig. However, the broad maximum in our experiment differs from the metallic behavior for the natural abundant sample at ambient pressure. 13 It is noteworthy to compare our results with the temperature dependence under anisotropic contraction for the natural abundant sample. The temperature dependence under contraction along the perpendicular direction exhibits a broad maximum, which is similar to the present result. This consistency indicates that both experimental results can be attributed to a decrease in the coordination angle. On the other hand, the absence of the simple metallic behavior in both experiments suggests that the coordination geometry and the intermolecular distance differ from that of the natural abundant sample at ambient pressure. To elucidate the coordination geometry in detail, structural analysis under anisotropic extension is required.
To summarize, we have developed a technique for anisotropic extension that is widely applicable to fragile molecular crystals. The degree of strain induced by our instrument can be continuously controlled. Since the thermal contractions of the extension jig and the pressure medium are identical to ͑or close to͒ each other, the degree of extension in the pressure medium, ⌬L / L 0 , has no ͑or almost no͒ temperature dependence down to 2 K. Our instrument is applied to the temperature dependence of the electrical resistance of some organic crystals. The insulating behavior is enhanced with increasing anisotropic extension for ␤Љ-͑ET͒ 2 Br͑diiodoacetylene͒, whereas the temperature dependence at ambient pressure exhibits the metallic behavior over the entire temperature range. An increase in both the electrical resistance and the insulatorsuperconductor transition temperature is observed for ␤Љ-͑ET͒ 4 ͓H 3 OGa͑C 2 O 4 ͒ 3 ͔PhNO 2 . The temperature dependences for both compounds are ascribed to the reduction of the overlap integral along the conducting direction and the enhancement of the intersite Coulomb interaction along the perpendicular direction. The metal-insulator transition withdrawing the structural change can be suppressed by using our instrument, which is examined from the temperature dependence of the electrical resistance for ͑d 8 -Me 2 -DCNQI͒ 2 Cu. Therefore, we conclude that our method is widely applicable to the anisotropic extension of fragile organic crystals.
